Abstract Azo dyes can be only mineralised by chemical oxidation. In this paper the oxidation of Reactive Black 5 (RB 5) and Reactive Orange 96 (RO 96) with concentrations between 35 and 5,700 mgL -1 (RB 5) and between 20 and 2,050 mgL -1 (RO 96) was investigated in a lab-scale bubble column. The reactor was modelled for two cases, a completely mixed and a plug flow gas phase. The oxidation rate was influenced by mass transfer for all dye concentrations used. For low dye concentrations mass transfer alone was decisive for the reaction rate showing no enhancement due to chemical reaction, E ≈ 1. However, in the region of high dye concentrations, the slope of the ozone concentration profile inside the liquid boundary layer increases more and more with increasing dye concentration as a result of a chemical oxidation. Therefore, the enhancement factor depends on the type and concentration of the azo dyes. For RB 5, a diazo dye, an enhancement factor of E = 5.5 was observed for c d = 2,000 mgL -1 , RO 96, a mono azo dye, with a remarkably higher chemical oxidation rate shows an E = 16 for c d = 2,050 mgL -1 .
Introduction
About 50% of the dyes used in textile finishing processes are azo dyes. They are very stable in sunlight and cleaning processes. Most of them cannot be mineralised by bacteria, but azo dyes can be decolorized using an anaerobic biological treatment step, in which the azo groups are reduced and two (mono-) or three (diazo dyes) metabolites are formed. These non-biodegradable metabolites are toxic. Therefore, effluents of textile finishing processes must be treated by chemical oxidation or by a combination of chemical and biological processes.
Combinations of chemical oxidation processes, i.e. advanced oxidation processes, as well as ozonation alone are frequently used in wastewater treatment. In this study ozonation of synthetic wastewaters containing RB 5 and RO 96 is investigated in which assumptions of both completely mixed flow and plug flow of the gas phase ozone are made for the evaluation of the measurements.
Five profiles of the ozone concentration in the liquid boundary layer are shown in Figure  1 for gas-liquid reactions. Profile I results from a rate controlling slow chemical reaction, and a very low gradient of ozone concentration is sufficient to guarantee the very low mass transfer rate required. This kinetic regime I will normally develop only for very low concentrations of dissolved substances, e.g. in water for drinking water production. Profile II may be caused by both influences, that of chemical reaction and that of mass transfer and may be observed in polluted groundwater. For Profile III, the ozone concentration drops inside the liquid film down to zero resulting in a reaction which is only controlled by mass transfer. For higher reaction or lower mass transfer coefficients, more and more ozone is used for reaction inside this film and the slope increases up to very high values. Again, the reaction rate is influenced more and more by the chemical reaction, which now increases the mass transfer rate. Finally, ozone reacts only at the surface of the boundary layer (profile V) and chemical kinetics again become the sole rate controlling factor. For all these profiles especially for III, IV and V a very high gaseous mass transfer rate is assumed resulting in a constant c -* O2 . In order to describe this enhancement of ozone mass transfer due to a chemical reaction (profile IV), an enhancement factor E has been defined by Eq. (1) as the actual rate of mass transfer influenced by chemical reactions related to the maximum mass transfer rate without any influence of chemical reaction (Danckwerts, 1970; Levenspiel, 1972; Charpentier, 1981) : (1) with E = 1 for regime III and E >1 for regime IV. For E >> 1 the reaction occurs only at the surface of the boundary. Its rate depends only on the surface area and the chemical reaction rate. Consequently, the understanding of the oxidation process and the determination of the kinetic parameters are a requirement for a successful reactor design and process optimisation.
Methods
Both dyes used are hydrolyzed by a treatment at pH 11 and 120°C for 2 h. The dyes are technical products of the company Dystar with a pure dye mass content of 66% (RB 5) and 46% (RO 96) . Figure 2 presents the lab-scale plant with a bubble column ozonation reactor, which is made from PVC with an inside diameter of 59 mm and a height of 1 m having a contactor volume of 2.75 L. Ozone was generated continuously from pure oxygen using a laboratory ozone generator (Sorbios, GSG 1.2). The ozone/oxygen mixture was supplied at the bottom 
of the reactor with bubble diameters of ≈6 mm resulting in a small specific bubble surface area a. The ozone gas inlet and outlet concentrations were measured continuously by two UV-photometers (BMT 961 TPC, λ = 254 nm, 0°C, 1.013 × 10 5 Pa). Dissolved ozone concentration was measured in the water taken off at a height of 350 mm and returned at 680 mm (Orbisphere lab model 3600). Dissolved O 2 was measured with a WTW Oxi 197. Dye concentrations were determined using a spectrophotometer (Shimadzu, model UV 1202) at the maximal absorption wavelength of 596 nm for RB5 and 460 nm for RO96. The feed flow rate of wastewater was 8 Lh -1 for each experiment. All measurements were recorded and used to calculate the k L a values. The concentration of inlet ozone gas was 2% (w/w %). Gas flow rate varied from 5 to 22 Lh -1 (0°C, 1.013 × 10 5 Pa, c O3,0 ≅ 40 mgL -1 ). Because of the high pH effect on ozone mass transfer rate, this experiment was carried out at pH < 2 in order to avoid higher ozone decay rates (Gottschalk et al., 2000) .
Results and discussion
Integral mass balances can be used for the evaluation of the measurements, if the mass transfer with and without chemical reaction takes place in completely mixed systems. First, oxygen transfer measurements were carried out using the air bubble column for both continuous flow of air saturated water and continuous flow of pure oxygen. In this case mass transfer rate can be calculated by using simple mass balances (5) Gas flow rate and dye concentration were changed resulting in an increase in the liquid concentration c′ O2 , a decrease in the gas concentration c O2 and different (k L a) O2 -values according to Eq. (5). For the calculation of the saturation concentration of c -* O2 and c -* O3 (later in Eq. (9)) using Henry's law two assumptions were made on the one hand using a completely mixed model and on the other hand that of a plug flow distribution. For the first assumption of completely mixed saturation concentration, an arithmetic mean value was calculated in order to reduce the error.
For a plug flow system the saturation ozone concentration follows using Henry's law 
A relationship is obtained for oxygen without chemical reaction.
In the gas-liquid system surface tension, viscosity and diffusion coefficients vary with dye concentration. The first two parameters influence the specific bubble surface area a and the third parameter the mass transfer coefficient k L .
Figures 3a and 3b show the dependence of the oxygen volumetric mass transfer coefficient (k L a) O2 on RB 5 and RO 96 concentration for different gas flow rates Q g . A completely mixed O 2 gas phase was assumed. The volumetric mass transfer coefficients (k L a) O2 for the assumption of a plug flow of O 2 were nearly identical with the results given by Figure 3 , because of the low concentration differences between influent and effluent. They are not shown in this paper. The evidence is given by the following evaluation.
In the range 5 < Q g < 22 L h -1 the increase in (k L a) O2 with Q g can be described by (7) k D characterizes the contribution of diffusion and k k Q g that of convection. The coefficients k k , the slope of the straight lines, and k D , the intercept of the ordinate (k L a)-axis, were determined for both dyes.
In Table 1 the coefficients k K and k D are compared for the two assumptions of completely mixed and plug flow system. They showed very similar values for both assumed systems.
Compared with O 2 (k L a) O3 cannot be measured directly due to the reactions, which occur in pure water (decomposition) or polluted water (decomposition and oxidation) (Kornmüller et al., 1997) . Therefore, it must be calculated by Eq. (7) using the diffusion coefficients 
chemical reaction (E = 1). These results are given by the straight lines in Figure 4 (c d = 0 mgL -1 ) which can be described using Eq. (9). For higher dye concentrations situation IV in Figure 1 is relevant.
The dye concentration changes both the coefficient k * KR , influenced by convection, as well as the coefficient k DR , influenced by diffusion (Figure 4) . The ozone volumetric mass transfer coefficients (k L a) R O3 and the relationship between (k L a) R PF and (k L a) R CM of O 3 were determined using both assumptions of completely mixed and of plug flow of gaseous ozone for RB 5 and RO 96 (Figures 4 and 5) .
In contrast to the O 2 absorption process O 3 gas concentration drops down to lower values due to the reactions. The plug flow model of gaseous ozone showed higher (k L a) R O3 compared to those of the completely mixed system for both azo dyes. Because of the higher oxidation capacity of ozone the evaluation methods with plug flow model are suitable to reduce errors.
From Eqs. (4), (8) and (9) the enhancement factor E can be calculated as (10) Assuming a first-order reaction with regard to dye concentration 
and introducing Eq. (11) in Eq. (10) (12) is obtained. Eq. (12) can be approximated by Eq. (13) ( 13) for higher gas flow rates and higher dye concentrations. In Figure 6 the enhancement factor E is plotted versus dye concentration c d showing the expected straight line, confirming Eq. (13) experimentally.
For the assumption of a completely mixed gas phase, a value of E = 5.5 was obtained for RB 5 with an initial dye concentration of c d = 2,000 mgL -1 , while at almost the same dye concentration of c d = 2,050 mgL -1 a much higher value was found E = 16 for RO 96. The values were nearly independent of the gas flow rates. For the assumption of a plug flow system, the values of E were only a little higher than those for the completely mixed system. However, in the plug flow model, E varied more with gas flow rates especially at higher dye concentrations and at the lower gas flow rates.
The slopes in Figure 6a are as follows:
k kR /k k = 1.82 × 10 -3 L mg -1 for RB 5 and k kR /k k =7.14 × 10 -3 L mg -1 for RO 96
The higher rate of ozonation for RO 96 inside the ozone boundary layer may result from the smaller size of the dye molecule and from the higher portion of other components (54% compared with 34% (RB 5)). Therefore, the diffusion coefficient and reaction rate will be higher for RO 96 than for RB 5. However, errors caused in regions of lower gas flow rates and higher dye concentrations by large differences between influent and effluent O 3 concentrations could not be avoided completely.
Conclusions
Industrial effluents such as wastewater from textile finishing processes are often polluted by substances, which are non-biodegradable. In these cases chemical oxidation processes can be used successfully. For ozonation a gas-liquid reaction occurs and it is very important to study the reaction inside the liquid boundary in detail. For high gas transfer rates the non-biodegradable azo dyes RB 5 and RO 96 are oxidized inside the liquid boundary layer at high, but different rates. The high rate is caused by an enhancement of ozone mass transfer by chemical reaction, the difference in rates by a higher chemical reaction rate and Eq ( 13 ) Figure 6 Enhancement factor E as a function of initial dye concentration c d ; a) completely mixed gas phase; and b) plug flow gas phase higher diffusion coefficient for the smaller molecule RO 96 as compared to those of RB 5. An evaluation method for the calculation of (k L a) R O3 as a function of flow rate and dye concentration is proposed.
